In this paper, the broadband millimeter-wave waveguide package, which can cover the entire W-band (75-110 GHz) is presented and applied to build a low noise amplifier module. For this purpose, a broadband waveguide-to-microstrip transition was designed using an extended E-plane probe in a low-loss and thin dielectric substrate. The end of the probe substrate was firmly fixed on to the waveguide wall in order to minimize the performance degradation caused by the probable bending of the substrate. In addition, we predicted and analyzed in-band resonances by the simulations that are caused by the empty spaces in the waveguide package to accommodate integrated circuits (ICs) and external bias circuits. These resonances are removed by designing an asymmetrical bias space structure with a radiation boundary at an external bias connection plane. The bond-wires, which are used to connect the ICs with the transition, can generate impedance mismatches and limit the bandwidth performance of the waveguide package. Their effect is carefully compensated for by designing the broadband two-section matching circuits in the transition substrate. Finally, the broadband waveguide package is designed using a commercial three-dimensional electromagnetic structure simulator and applied to build a W-band low noise amplifier module. The measurement of the back-to-back connected waveguide-to-microstrip transition including the empty spaces for the ICs and bias circuits showed the insertion loss less than 3.5 dB and return loss higher than 13.3 dB across the entire W-band without any in-band resonances. The measured insertion loss includes the losses of 8.7 mm-long microstrip line and 41.8 mm-long waveguide section. The designed waveguide package was utilized to build the low noise amplifier module that had a measured gain greater than 14.9 dB from 75 GHz to 105 GHz (>12.9 dB at the entire W-band) and noise figure less than 4.4 dB from 93.5 GHz to 94.5 GHz.
Introduction
Millimeter-wave frequencies including W-band (75-110 GHz) have short wavelengths and broad allocated bandwidth, which are beneficial for high resolution radars and high speed wireless communications [1] [2] [3] [4] [5] . In the millimeter-wave frequency range, a rectangular waveguide is generally adopted as a main transmission line instead of a coaxial cable due to the lower loss and easier manufacturability [6] . Therefore, millimeter-wave circuits including integrated circuits (ICs) should be packaged in the rectangular waveguide. This waveguide package needs to be designed to have broadband and low-loss performance. However, there are several design issues to be solved for high performance millimeter-wave waveguide packages [6, 7] .
The rectangular waveguide has a dominant electromagnetic (EM) field mode of a transverse electric (TE 10 ), so that broadband waveguide-to-microstrip transition is an essential component in order to package the ICs in a microstrip [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In addition, the empty spaces inside the metallic waveguide are required to accommodate ICs and their bias circuits, and they form metallic cavities that can generate in-band resonances, seriously degrading the performance of the waveguide packages [11, 12] . Finally, bond-wires, which are generally used to electrically connect the ICs to the transition, can produce impedance mismatches and limit the bandwidth performance, especially at millimeter-wave frequencies. Therefore, their effect should be accurately modeled and corrected not to degrade the performance when the IC is packaged in the waveguide [20] .
In this work, we present the broadband waveguide package at W-band, by designing a broadband low-loss waveguide-to-microstrip transition using an extended E-plane probe, analyzing and removing the in-band resonances caused by the cavities in the waveguide package, and designing broadband bond-wire compensation circuits. These in-band resonance problems and the bond-wire compensation circuits have not been deeply treated in the previous publications on W-band waveguide modules [21, 22] . The waveguide package is designed and applied to build the broadband low noise amplifier (LNA) module. A three-dimensional (3-D) EM simulator is used in the analysis and design of the W-band waveguide package. The designed transition and LNA module are both fabricated to show the resonance-free broadband performance covering the entire W-band.
Design of Broadband W-band Waveguide Package

Waveguide-to-Microstrip Transition Using Extended E-Plane Probe
There has been extensive research in developing millimeter-wave waveguide transitions using E-plane probes [8, 9] , dipole antenna [10] [11] [12] , antipodal finlines [13, 14] , and substrate integrated waveguides [15] . In this work, the E-plane probe transition was adopted because of its small size and low-loss performance, as shown in Figure 1 . The transition substrate is placed in the central E-plane of waveguide and supported on the channel. The square metallic patch on the substrate captures and transforms EM fields in the TE 10 mode of the waveguide to the quasi-transverse electromagnetic (TEM) mode of the microstrip line. The high impedance line is used to match the impedances of the probe to that of the microstrip line. In order to minimize the reflection from air-filled waveguide, very thin substrate with low dielectric constant (127 µm-thick TLY-5 with ε r = 2.2 by Taconic) is used as a transition substrate, considering a small internal size of the standard W-band waveguide (WR-10: 2.54 mm × 1.27 mm). This very thin and soft substrate, however, can be easily bent by a small force during the packaging process, which can lead to serious performance degradation and poor repeatability. In order to alleviate these problems, the substrate in the probe section was extended to the other side of the waveguide and fixed into the slit [16] . that can generate in-band resonances, seriously degrading the performance of the waveguide packages [11, 12] . Finally, bond-wires, which are generally used to electrically connect the ICs to the transition, can produce impedance mismatches and limit the bandwidth performance, especially at millimeter-wave frequencies. Therefore, their effect should be accurately modeled and corrected not to degrade the performance when the IC is packaged in the waveguide [20] .
In this work, we present the broadband waveguide package at W-band, by designing a broadband low-loss waveguide-to-microstrip transition using an extended E-plane probe, analyzing and removing the in-band resonances caused by the cavities in the waveguide package, and designing broadband bond-wire compensation circuits. These in-band resonance problems and the bond-wire compensation circuits have not been deeply treated in the previous publications on Wband waveguide modules [21, 22] . The waveguide package is designed and applied to build the broadband low noise amplifier (LNA) module. A three-dimensional (3-D) EM simulator is used in the analysis and design of the W-band waveguide package. The designed transition and LNA module are both fabricated to show the resonance-free broadband performance covering the entire W-band.
Design of Broadband W-band Waveguide Package
Waveguide-to-Microstrip Transition Using Extended E-plane Probe
There has been extensive research in developing millimeter-wave waveguide transitions using E-plane probes [8, 9] , dipole antenna [10] [11] [12] , antipodal finlines [13, 14] , and substrate integrated waveguides [15] . In this work, the E-plane probe transition was adopted because of its small size and low-loss performance, as shown in Figure 1 . The transition substrate is placed in the central E-plane of waveguide and supported on the channel. The square metallic patch on the substrate captures and transforms EM fields in the TE10 mode of the waveguide to the quasi-transverse electromagnetic (TEM) mode of the microstrip line. The high impedance line is used to match the impedances of the probe to that of the microstrip line. In order to minimize the reflection from air-filled waveguide, very thin substrate with low dielectric constant (127 μm-thick TLY-5 with εr = 2.2 by Taconic) is used as a transition substrate, considering a small internal size of the standard W-band waveguide (WR-10: 2.54 mm × 1.27 mm). This very thin and soft substrate, however, can be easily bent by a small force during the packaging process, which can lead to serious performance degradation and poor repeatability. In order to alleviate these problems, the substrate in the probe section was extended to the other side of the waveguide and fixed into the slit [16] .
The dimensions of the transition were determined by the commercial 3-D structure simulator (HFSS by Ansys in Canonsburg, PA, USA) and listed in Table 1 . At first, the transition was designed without the slit region. Then, the slit was inserted in the simulation and the dimensions were slightly modified. The slit exhibits the marginal effect on the transition performance. Figure 2 shows the simulated performance of the designed transition. The insertion loss (-10log|S21| 2 ) was less than 0.6 dB and return loss (-10log|S11| 2 ) was higher than 21.6 dB across the whole W-band. The dimensions of the transition were determined by the commercial 3-D structure simulator (HFSS by Ansys in Canonsburg, PA, USA) and listed in Table 1 . At first, the transition was designed without the slit region. Then, the slit was inserted in the simulation and the dimensions were slightly modified. The slit exhibits the marginal effect on the transition performance. Figure 2 shows the simulated performance of the designed transition. The insertion loss (-10log|S 21 | 2 ) was less than 0.6 dB and return loss (-10log|S 11 | 2 ) was higher than 21.6 dB across the whole W-band. 
Resonances-Free Waveguide Package
The waveguide package with the transitions necessarily requires several empty spaces to accommodate the circuits, including ICs and direct current (DC) bias circuits. Figure 3 shows the waveguide package with the transitions to package the W-band LNA IC (size = 2 mm × 3 mm). The LNA IC will sit in the place of the microstrip line in the middle. There are several empty spaces for the circuits to supply DC bias to the LNA IC from external power supplies. Unfortunately, these empty spaces can form metallic cavities and generate parasitic resonances that can be observed in the EM simulations. Note that this waveguide package is all closed by the metal except for the waveguide input and output ports. The plane A can be either open or closed for the external bias supply connection. Figure 4a shows the simulated performance of the waveguide package of Figure 3 (back-to-back transition with several empty spaces) with the plane A closed. There are many resonances at in-band frequencies at which insertion and return losses are seriously degraded. Figure 4c shows the electric field distribution at one of resonance frequencies (86.1 GHz). It can be stated from this figure that this resonance was generated in the empty spaces for the IC and bias circuits, which work as metallic cavities.
(a) (b) These resonances can be partly suppressed by applying a radiation boundary to the plane A instead of the metal boundary, as shown in Figure 4b . However, there still exists a few in-band resonances. At 76.0 GHz, the electric field distribution is drawn in Figure 4d , showing that the strong 
The waveguide package with the transitions necessarily requires several empty spaces to accommodate the circuits, including ICs and direct current (DC) bias circuits. Figure 3 shows the waveguide package with the transitions to package the W-band LNA IC (size = 2 mm × 3 mm). The LNA IC will sit in the place of the microstrip line in the middle. There are several empty spaces for the circuits to supply DC bias to the LNA IC from external power supplies. Unfortunately, these empty spaces can form metallic cavities and generate parasitic resonances that can be observed in the EM simulations. Note that this waveguide package is all closed by the metal except for the waveguide input and output ports. The plane A can be either open or closed for the external bias supply connection. 
(a) (b) These resonances can be partly suppressed by applying a radiation boundary to the plane A instead of the metal boundary, as shown in Figure 4b . However, there still exists a few in-band resonances. At 76.0 GHz, the electric field distribution is drawn in Figure 4d , showing that the strong electric field was invoked in the IC space and leaked into the bias spaces. Both Figure 4c and d demonstrated that the resonances could be produced in the LNA space. Note that this space was Figure 4a shows the simulated performance of the waveguide package of Figure 3 (back-to-back transition with several empty spaces) with the plane A closed. There are many resonances at in-band frequencies at which insertion and return losses are seriously degraded. Figure 4c shows the electric field distribution at one of resonance frequencies (86.1 GHz). It can be stated from this figure that this resonance was generated in the empty spaces for the IC and bias circuits, which work as metallic cavities. In order to get rid of all the in-band resonances, the LNA space was designed to have an asymmetrical structure as shown in Figure 5a , deforming the rectangular cavity-like structure. It can hinder an electric field from being concentrated in the IC space and thus suppress the resonances. Figure 5b shows the simulated S-parameters of the waveguide package with an asymmetrical structure (with the radiation boundary at the plane A), showing insertion loss less than 1.3 dB and return loss higher than 18.7 dB across the full W-band without any in-band resonances. Note that the insertion loss is that of the back-to-back transitions including the 8.7 mm-long microstrip line. These resonances can be partly suppressed by applying a radiation boundary to the plane A instead of the metal boundary, as shown in Figure 4b . However, there still exists a few in-band resonances. At 76.0 GHz, the electric field distribution is drawn in Figure 4d , showing that the strong electric field was invoked in the IC space and leaked into the bias spaces. Both Figure 4c ,d demonstrated that the resonances could be produced in the LNA space. Note that this space was enclosed by the metallic walls and the open boundaries as shown in Figure 4d , forming the rectangular cavity-like structure. The fields in this structure were excited by the microstrip line.
In order to get rid of all the in-band resonances, the LNA space was designed to have an asymmetrical structure as shown in Figure 5a , deforming the rectangular cavity-like structure. It can hinder an electric field from being concentrated in the IC space and thus suppress the resonances. Figure 5b shows the simulated S-parameters of the waveguide package with an asymmetrical structure (with the radiation boundary at the plane A), showing insertion loss less than 1.3 dB and return loss higher than 18.7 dB across the full W-band without any in-band resonances. Note that the insertion loss is that of the back-to-back transitions including the 8.7 mm-long microstrip line. In order to get rid of all the in-band resonances, the LNA space was designed to have an asymmetrical structure as shown in Figure 5a , deforming the rectangular cavity-like structure. It can hinder an electric field from being concentrated in the IC space and thus suppress the resonances. Figure 5b shows the simulated S-parameters of the waveguide package with an asymmetrical structure (with the radiation boundary at the plane A), showing insertion loss less than 1.3 dB and return loss higher than 18.7 dB across the full W-band without any in-band resonances. Note that the insertion loss is that of the back-to-back transitions including the 8.7 mm-long microstrip line. 
Compensation of Bond-Wire Effect
In general, bond-wires are used to electrically connect the IC with the microstrip line in the transition substrate. Their effect can be modeled using series inductances and shunt capacitances that can produce serious impedance mismatches, especially at millimeter-wave frequencies [20] . Figure 6a shows the bond-wire connection between 127 µm-thick substrate and 100 µm-thick GaAs substrate (ε r = 12.9) with a 200 µm distance. A gold wire with a diameter of 25 µm was placed 40 µm above the copper microstrip line in the TLY-5 substrate. Figure 6c shows the simulated S-parameters at W-band showing the increased insertion loss and poor return loss by the bond-wire. 
In general, bond-wires are used to electrically connect the IC with the microstrip line in the transition substrate. Their effect can be modeled using series inductances and shunt capacitances that can produce serious impedance mismatches, especially at millimeter-wave frequencies [20] . Figure  6a shows the bond-wire connection between 127 μm-thick substrate and 100 μm-thick GaAs substrate (εr = 12.9) with a 200 μm distance. A gold wire with a diameter of 25 μm was placed 40 μm above the copper microstrip line in the TLY-5 substrate. Figure 6c shows the simulated S-parameters at W-band showing the increased insertion loss and poor return loss by the bond-wire.
In order to reduce impedance mismatches by the bond-wire, a broadband compensation circuit was designed using two-section matching network as shown in Figure 6b . The simulation shows that the bond-wire can dramatically increase the impedance at W-band due to its parasitic inductance. This impedance could be lowered and matched to 50 Ω by using the circuit section consisting of an open stub and a high impedance line. A two-section matching network was employed to accomplish the broadband matching performance. Figure 6c demonstrated that the designed compensation circuit could recover the performance providing broadband impedance match and lower loss at the W-band. The mismatch increased at higher frequencies due to the increased impedance of the bond- 
Experimental Results
W-Band Waveguide Transition
The designed W-band waveguide package was fabricated in an aluminum split-block configuration. Figure 7a shows the magnified view of the back-to-back transition including the empty spaces for the LNA IC and bias circuits. The transition substrate was mounted on the channel and its two ends were also fixed in the slit region using epoxy. Figure 7b presents the measurement results In order to reduce impedance mismatches by the bond-wire, a broadband compensation circuit was designed using two-section matching network as shown in Figure 6b . The simulation shows that the bond-wire can dramatically increase the impedance at W-band due to its parasitic inductance. This impedance could be lowered and matched to 50 Ω by using the circuit section consisting of an open stub and a high impedance line. A two-section matching network was employed to accomplish the broadband matching performance. Figure 6c demonstrated that the designed compensation circuit could recover the performance providing broadband impedance match and lower loss at the W-band. The mismatch increased at higher frequencies due to the increased impedance of the bond-wire. The simulated return loss was higher than 9.1 dB across the full W-band.
Experimental Results
W-Band Waveguide Transition
The designed W-band waveguide package was fabricated in an aluminum split-block configuration. Figure 7a shows the magnified view of the back-to-back transition including the empty spaces for the LNA IC and bias circuits. The transition substrate was mounted on the channel and its two ends were also fixed in the slit region using epoxy. Figure 7b presents the measurement results using a vector network analyzer (VNA; 8510C by Agilent in Santa Clara, CA, USA) with a W-band frequency extender. The simulation results were also plotted for the comparison. The simulation seemed to underestimate the losses by the microstrip line and waveguide sections. The measured return and insertion losses were better than 13.3 dB and 3.5 dB without any in-band resononaces, respectively, over the entire W-band. The insertion loss was lower than 2.6 dB from 75 GHz to 94 GHz. Note that the insertion loss included the loss of the 8.7 mm-long microstrip line and 41.8 mm-long waveguide section. seemed to underestimate the losses by the microstrip line and waveguide sections. The measured return and insertion losses were better than 13.3 dB and 3.5 dB without any in-band resononaces, respectively, over the entire W-band. The insertion loss was lower than 2.6 dB from 75 GHz to 94 GHz. Note that the insertion loss included the loss of the 8.7 mm-long microstrip line and 41.8 mmlong waveguide section. 
Bond-Wire Compensation Circuit
In order to verify the effectiveness of the designed bond-wire compensation circuit, the back-toback transition shown in Figure 7a was slightly modified to have a bond-wire and its compensation circuit as shown in Figure 8a . The microstrip line in the middle would be replaced with the LNA IC later. The Duroid subtrate with the same dielectric constant and thickness to TLY-5 was used in this experiment. The measurement results are presented in Figure 8b , showing a wideband performance with an insertion loss less than 3.9 dB and return loss higher than 10.0 dB from 83.8 GHz to 95.7 GHz. 
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In order to verify the effectiveness of the designed bond-wire compensation circuit, the back-toback transition shown in Figure 7a was slightly modified to have a bond-wire and its compensation circuit as shown in Figure 8a . The microstrip line in the middle would be replaced with the LNA IC later. The Duroid subtrate with the same dielectric constant and thickness to TLY-5 was used in this experiment. The measurement results are presented in Figure 8b , showing a wideband performance with an 95.7 GHz.
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W-Band LNA Module
The fabricated waveguide package was used to build the W-band LNA module as shown in Figure 9 . The overall package size was 50 mm × 30 mm × 50 mm. The commercially-available W-band LNA IC (by OMMIC in Paris, France) was mounted and bond-wired to the transition together with the designed bond-wire compensation circuits. Several capacitors were connected in shunt with gate and drain bias lines to suppress low frequency oscillations. 
The fabricated waveguide package was used to build the W-band LNA module as shown in Figure 9 . The overall package size was 50 mm × 30 mm × 50 mm. The commercially-available W-band LNA IC (by OMMIC in Paris, France) was mounted and bond-wired to the transition together with the designed bond-wire compensation circuits. Several capacitors were connected in shunt with gate and drain bias lines to suppress low frequency oscillations. Figure 10a shows the S-parameters of the W-band LNA module measured by the VNA. It achieved the gain (10log|S21| 2 ) higher than 14.9 dB from 75-105 GHz. It reduced to 12.9 dB at the band edge (110 GHz), which was caused by the LNA and bond-wire compensation circuit. Noise figure was also measured as shown in Figure 10b using a noise figure analyzer (N8975A by Agilent), W-band noise source (NC5110 by Noisecom in Parsippany-Troy Hills, NJ, USA), down-conversion mixer, and spectrum analyzer. The measurement bandwidth was limited to 1.0 GHz from 93.5 GHz to 94.5 GHz by the instruments, where the measured noise figure was less than 4.4 dB. This result appeared to be reasonable, considering the simulated noise figure of the LNA IC (2.8 dB given by the vendor) and the losses of the transitions and bond-wires. Note that the gain measured by the noise figure analyzer was very close to the one by VNA. Figure 10a shows the S-parameters of the W-band LNA module measured by the VNA. It achieved the gain (10log|S 21 | 2 ) higher than 14.9 dB from 75-105 GHz. It reduced to 12.9 dB at the band edge (110 GHz), which was caused by the LNA and bond-wire compensation circuit. Noise figure was also measured as shown in Figure 10b using a noise figure analyzer (N8975A by Agilent), W-band noise source (NC5110 by Noisecom in Parsippany-Troy Hills, NJ, USA), down-conversion mixer, and spectrum analyzer. The measurement bandwidth was limited to 1.0 GHz from 93.5 GHz to 94.5 GHz by the instruments, where the measured noise figure was less than 4.4 dB. This result appeared to be reasonable, considering the simulated noise figure of the LNA IC (2.8 dB given by the vendor) and the losses of the transitions and bond-wires. Note that the gain measured by the noise figure analyzer was very close to the one by VNA.
Electronics 2019, 8, x; doi: FOR PEER REVIEW www.mdpi.com/journal/electronics figure was also measured as shown in Figure 10b using a noise figure analyzer (N8975A by Agilent), W-band noise source (NC5110 by Noisecom in Parsippany-Troy Hills, NJ, USA), down-conversion mixer, and spectrum analyzer. The measurement bandwidth was limited to 1.0 GHz from 93.5 GHz to 94.5 GHz by the instruments, where the measured noise figure was less than 4.4 dB. This result appeared to be reasonable, considering the simulated noise figure of the LNA IC (2.8 dB given by the vendor) and the losses of the transitions and bond-wires. Note that the gain measured by the noise figure analyzer was very close to the one by VNA.
Conclusions
The broadband waveguide package covering the whole W-band was designed and implemented in this work. The broadband waveguide-to-microstrip transition was presented using an extended Eplane probe transition. The in-band resonances invoked by the cavities, which are formed by the empty spaces for IC and bias circuits, were predicted and removed by designing the asymmetrical structure with open boundary. The bond-wire effect was also simulated and its compensation circuit was designed to recover broadband performance. The fabricated W-band waveguide package exhibited the resonance-free broadband insertion and return losses. The LNA module using the developed waveguide package achieved broadband high gain with a low noise figure at W-band. These results verify that the designed waveguide package can be successfully utilized in the implementation of high performance W-band electronic modules and systems. 
The broadband waveguide package covering the whole W-band was designed and implemented in this work. The broadband waveguide-to-microstrip transition was presented using an extended E-plane probe transition. The in-band resonances invoked by the cavities, which are formed by the empty spaces for IC and bias circuits, were predicted and removed by designing the asymmetrical structure with open boundary. The bond-wire effect was also simulated and its compensation circuit was designed to recover broadband performance. The fabricated W-band waveguide package exhibited the resonance-free broadband insertion and return losses. The LNA module using the developed waveguide package achieved broadband high gain with a low noise figure at W-band. These results verify that the designed waveguide package can be successfully utilized in the implementation of high performance W-band electronic modules and systems.
